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The NKX3-1 gene is a homeobox gene required for prostate tumor progression, but how it functions is unclear. Here, using
chromatin immunoprecipitation coupled to massively parallel sequencing (ChIP-seq) we showed that NKX3-1 colocalizes with
the androgen receptor (AR) across the prostate cancer genome. We uncovered two distinct mechanisms by which NKX3-1 con-
trols the AR transcriptional network in prostate cancer. First, NKX3-1 and AR directly regulate each other in a feed-forward reg-
ulatory loop. Second, NKX3-1 collaborates with AR and FoxA1 to mediate genes in advanced and recurrent prostate carcinoma.
NKX3-1- and AR-coregulated genes include those found in the “protein trafficking” process, which integrates oncogenic signal-
ing pathways. Moreover, we demonstrate that NKX3-1, AR, and FoxA1 promote prostate cancer cell survival by directly upregu-
lating RAB3B, a member of the RAB GTPase family. Finally, we show that RAB3B is overexpressed in prostate cancer patients,
suggesting that RAB3B together with AR, FoxA1, and NKX3-1 are important regulators of prostate cancer progression. Collec-
tively, our work highlights a novel hierarchical transcriptional regulatory network between NKX3-1, AR, and the RAB GTPase
signaling pathway that is critical for the genetic-molecular-phenotypic paradigm in androgen-dependent prostate cancer.

Androgens such as testosterone and 5�-dihydrotestosterone
(DHT) are steroid hormones that are required for key physi-

ological events ranging from the acquisition and development of
male characteristics during embryogenesis to the proper matura-
tion and maintenance of male sexual reproductive organs such as
the prostate and epididymis (20, 38). In addition to their roles in
normal physiological processes, androgens are also key players in
the initiation, development, and growth of prostate cancer (PCa)
(13, 25, 42, 62), which is the most commonly diagnosed cancer
and the second leading cause of cancer death among European
and American males (36). Although initial androgen deprivation
causes regression of androgen-dependent prostate tumors, prog-
nosis is frequently poor, as they will eventually acquire an
androgen-independent phenotype with disease progression that
currently has no cure (19, 24).

The effects of androgens are mediated via the androgen recep-
tor (AR), a member of the nuclear hormone receptor superfamily
(54). Upon ligand binding, AR undergoes a conformational
change, dissociates from heat shock proteins (HSPs) in the cyto-
plasm, homodimerizes, and translocates to the nucleus, where it
binds to the palindromic androgen response element (ARE),
which consists of two hexameric half sites (5=-AGAACA-3=) ar-
ranged as an inverted repeat separated by a 3-bp spacer (12, 17,
28). AR then recruits a combination of factors, including compo-
nents of the general transcriptional machinery, chromatin-
remodeling complexes, and specific transcriptional coregulators,
in a cell- and gene-specific manner for the modulation of down-
stream transcriptional activities (4, 33, 34, 49).

The spatial and temporal expression program of a given gene is
usually dictated by the unique combination of transcription fac-
tors recruited to the regulatory DNA regions that function to-
gether to either activate or repress transcription. Although much
effort toward the description of coactivators (e.g., SRCs, p300/
CBP, and mediators) and corepressors (e.g., NCoR and SMRT)
has been made in the past, the understanding of collaborative

DNA binding transcription factors that contribute to AR-
dependent transcription is considerably less established. Further-
more, there remains insufficient evidence to clearly distinguish
direct targets from the indirect gene targets despite the generation
of whole-genome transcriptional profiles of ligand-regulated
genes.

Recent advances in genomic technologies such as microarray-
based chromatin immunoprecipitation (ChIP-on-chip) and
chromatin immunoprecipitation coupled to massively parallel se-
quencing (ChIP-seq) are beginning to provide to us with a better
understanding of the transcriptional role of AR collaborative fac-
tors in prostate cancer cells (37, 48, 59, 60, 67, 73). For example,
the pioneer transcription factor, FoxA1, which is overexpressed in
prostate tumors, was shown to bind at AR binding sites (ARBS)
prior to androgen signaling (67). Furthermore, FoxA1 was re-
cently shown to possess a lineage-specific transcription cistrome
as defined by the distribution of mono- and dimethylated H3K4 as
well as dimethylated H3K9 histone marks in both prostate and
breast cancers (46). Several groups have subsequently identified
additional AR collaborative factors such as GATA2 (67), ETS1
(48), and ERG (73). Given that transcriptional regulation is a
complex process involving the delicate coordination between
multiple transcription factors, it is therefore important to identify
and characterize additional players that are part of the AR cis-
trome in androgen-dependent prostate cancer.

Molecular and phenotypic differences between normal and
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cancerous prostate cells are frequently attributed to altered gene
expression and activities which lead to modifications of regulatory
pathways that eventually result in aberrant cellular events, includ-
ing abnormal cell growth and proliferation, disturbed cell cycle,
and enhanced cell viability, as well as altered cellular adhesion and
cohesion. Expression of AR in the AR-null prostate cancer cell line
PC3 under different doses of androgen stimulation has been
shown to result in differential gene expression, with approxi-
mately 5.7% of these genes involved in cell survival/apoptosis
pathways (43). Such phenotypic effects observed upon androgen
signaling generally occur through regulation of critical cell sur-
vival pathways, such as the insulin-like growth factor 1 (IGF-1),
epidermal growth factor (EGF), and mitogen-activated protein
kinase (MAPK) signaling pathways, as well as cell death pathways,
such as the transforming growth factor �1 (TGF-�1), p53, or
death receptor-mediated, caspase-dependent apoptotic pathway
(21, 77). Therefore, the identification and characterization of pri-
mary AR target genes are required to better understand the over-
view of cross talk between AR signaling and multiple biological
signaling pathways. In our present study, we combined genome-
wide, molecular, and cell-based approaches to identify and func-
tionally characterize a novel collaborative factor of AR. Our results
suggest that the NKX3-1 gene, a homeobox gene involved in pros-
tate cancer biology, regulates AR transcriptional activity via two
distinct mechanisms to drive the AR transcriptional network to-
ward a program that favors prostate cancer cell survival.

MATERIALS AND METHODS
Reagents and antibodies. Dihydrotestosterone (DHT) was purchased
from Tokyo Chemical Industry. The following antibodies were used for
ChIP and Western blot analyses: anti-AR (sc-816 and sc-815x), anti-
NKX3-1 (sc-15022), anti-Rab3B (sc-81911), normal rabbit IgG (sc-2027),
normal goat IgG (sc-2028), and donkey anti-goat IgG– horseradish per-
oxidase (HRP) (sc-2033) from Santa Cruz; anti-FoxA1 (ab5089), anti-Pol
II (ab5131), and anti-alpha-tubulin (ab4074) from Abcam; and donkey
anti-rabbit IgG–HRP (NA934V) and sheep anti-mouse IgG–HRP
(NA931V) from Amersham.

Cell culture and transient-transfection reporter assays. LNCaP cells
(ATCC) were maintained in RPMI medium 1640 (RPMI) supplemented
with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 100 units/ml
penicillin, and 100 �g/ml streptomycin as well as 30 �g/ml gentamicin.
VCaP cells (ATCC) were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS, 1 mM sodium pyruvate, 0.08%
sodium bicarbonate, 100 units/ml penicillin, and 100 �g/ml streptomy-
cin. Prior to ethanol (EtOH) or DHT treatment, LNCaP cells were de-
prived of hormones for at least 3 days in phenol red-free RPMI containing
5% charcoal-dextran-treated FBS (HyClone), while VCaP cells were
grown for at least a day in phenol red-free DMEM containing 10%
charcoal-dextran treated FBS.

For transient transfection, LNCaP cells were grown in phenol red-free
medium (without antibiotics) in 24-well culture plates for 4 days prior to
transfection. Luciferase reporter and Renilla (Promega) constructs were
cotransfected into the cells using Lipofectamine 2000 reagent (Invitro-
gen). After 18 to 24 h, cells were treated with EtOH or 100 nM DHT for
another 24 h before harvesting for luciferase reporter assay. Firefly and
Renilla luciferase activities were assayed using the Dual Luciferase System
kit (Promega) and a Centro LB960 luminometer (Berthold Technologies)
according to the manufacturers’ protocols. The relative reporter gene ac-
tivity was obtained after normalization of the firefly luciferase activity
with Renilla luciferase activity. Each experiment was repeated at least three
times to ensure reproducibility. All primers used for cloning and mu-
tagenesis of reporter and overexpression constructs can be found in Table
S3 in the supplemental material.

ChIP and re-ChIP. ChIP and sequential ChIP (re-ChIP) assays were
performed as described previously (61). Androgen-deprived LNCaP or
VCaP cells were treated with EtOH or 100 nM DHT for 2 h before har-
vesting. For re-ChIP, dimethyl pimelimidate (DMP) (Pierce) was in-
cluded as a protein cross-linker. Real-time quantitative PCR (qPCR)
primer sequences for ChIP and re-ChIP assays are listed in Table S3 in the
supplemental material. All experiments were performed at least three
times.

Solexa sequencing and binding site determination. ChIP-enriched
DNA was quantified with the Quant-iT Pico Green double-stranded DNA
(dsDNA) assay kit (Invitrogen, Molecular Probes). Five to 15 nanograms
of DNA was used for library preparation using the ChIP-seq DNA Sample
Prep kit from Illumina with minor modifications. The Illumina adaptor-
ligated DNA was amplified with Phusion DNA polymerase (for AR and
Pol II libraries) or Platinum Pfx DNA polymerase (for NKX3-1 and
FoxA1 libraries) (Invitrogen) for 15 cycles. Amplified DNA products of
200 to 300 bp were gel excised and purified. After cluster amplification
and sequencing on the Solexa GAIIx, ChIP-seq reads were aligned to the
reference human genome (UCSC, hg18) using our in-house program,
BATMAN, and binding peaks with a cutoff false-discovery rate (FDR) of
0.05 were determined using CCAT (71) with input DNA as a control.

siRNA studies. LNCaP or VCaP cells suspended in phenol red-free
medium were transfected with 100 nM small interfering RNA (siRNA)
(Dharmacon or 1stBase Pte Ltd.) using Lipofectamine RNAiMAX trans-
fection reagent (Invitrogen) according to the manufacturer’s protocol.
After 48 h of incubation, the cells were transfected again in a similar
manner with 50 nM siRNA for LNCaP cells or 100 nM siRNA for VCaP
cells. At 48 h after the second round of transfection, cells were treated with
EtOH or 10 nM DHT for another 8 h before harvesting for real-time
reverse transcription-qPCR (RT-qPCR) and Western blot analyses. Each
target siRNA was paired with the control nontargeting siRNA (siCtrl)
from the same company. siRNA and real-time qPCR primer sequences are
listed in Table S3 in the supplemental material. Gene expression profiles
for knockdown studies were obtained from at least three independent
experiments. For flow cytometry and migration assay, 100 nM siRNA was
used for both rounds of transfection.

Co-IP. LNCaP cells were treated for 24 h with either EtOH or 100 nM
DHT, trypsinized, and lysed to obtain whole-cell lysate. An aliquot of the
cell lysate was kept for input in Western blot analysis. For coimmunopre-
cipitation (co-IP) of FoxA1- or NKX3-1-bound complexes with AR,
whole-cell lysate was first precleared with protein A/G-agarose beads
(Roche Applied Science) at 4°C for 4 h before the precleared supernatant
was incubated with anti-FoxA1 or anti-NKX3-1 antibody overnight. The
next day, protein A/G-agarose beads were added to the mixture and incu-
bated at 4°C for 1.5 h. The beads were then pelleted and washed four times
with Tris-buffered saline (TBS) before boiling and eluting with SDS load-
ing buffer, followed by Western blot analysis. However, for co-IP of
FoxA1-bound complexes with NKX3-1, the whole-cell lysate was first
incubated with Preclearing Matrix D (sc-45055) at 4°C for 2 h before the
precleared lysate was immunoprecipitated with anti-NKX3-1 and IP ma-
trix D complex (sc-45041) according to the manufacturer’s protocol.

Cell cycle flow cytometry analysis. Transfected LNCaP cells were
grown in serum or androgen-deprived medium (without antibiotics) be-
fore being treated with EtOH or 100 nM DHT for 72 h. Similarly, trans-
fected androgen-deprived VCaP cells were treated with EtOH or DHT for
48 h. Cells were then harvested by trypsinization, washed with cold
phosphate-buffered saline (PBS), and fixed with 70% EtOH for 45 min at
4°C. After another wash with cold PBS, the cell pellet was incubated with
100 �g/ml RNase (Sigma) at room temperature for 5 min before incuba-
tion with 50 �g/ml propidium iodide (PI) (Sigma) for an hour in the dark,
followed by flow cytometry analysis of DNA content using a FACSCalibur
(Becton-Dickson) with the CellQuest analysis software. A total of 1 � 104

cells were analyzed for each sample, and the percentage of cells in the
sub-G1 phase was obtained from the DNA histogram. The cell cycle pro-
file was obtained from at least three independent experiments.
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Caspase assay. Similar to the cell cycle flow cytometry analysis,
androgen-depleted LNCaP or VCaP cells were treated with EtOH or DHT
for 72 or 48 h, respectively, before harvesting by trypsinization, followed
by washing with cold PBS. The cell pellet was fixed and permeabilized with
the BD Cytofix/Cytoperm solution and washed with 1� BD Perm/Wash
buffer (BD Cytofix/Cytoperm fixation/permeabilization kit). The cell pel-
let was then incubated with fluorescein isothiocyanate (FITC)–rabbit
anti-active caspase-3 (BD Pharmingen) for an hour in the dark before
washing with 1 � BD Perm/Wash buffer again. Caspase-3 activity was
measured using a FACSCalibur (Becton-Dickson) with the CellQuest
analysis software. The caspase activity was determined from at least three
independent experiments.

Microarray analysis. Microarray analysis was performed as described
previously (61).

GO analysis. Gene ontology (GO) analysis was performed using the
Panther web tool on genes with a �1.5-fold or �0.67-fold change in
transcript level relative to that with EtOH treatment upon either 3, 6, 12,
or 24 h of DHT treatment (referred to as androgen-responsive genes) and
which contained at least one transcription factor binding site within 50 kb
of the respective gene transcription start site (TSS).

Oncomine molecular concept map (MCM). To identify the enrich-
ment network between our genes of interest and gene signatures from the
different molecular concepts within the Oncomine database of tumor
microarrays (https://www.oncomine.org/), we performed analysis of the
association of our androgen-responsive genes cooccupied by AR and
NKX3-1 within 50 kb of the TSS with the cancer transcriptome profiles.
The odds ratio was set at 1.6 and above to categorize genes considered to
be differentially expressed within the context of each concept. A node
represents a molecular concept, and the node size is made proportional to
the number of genes within each gene cluster. An edge represents statis-
tically significant overlap (P value of �0.01) between the gene sets in two
interconnected nodes.

Accession numbers. The ChIP-seq and microarray gene expression
data have been deposited at the NCBI GEO repository under accession
numbers GSE28264 and GSE28596.

RESULTS
Genome-wide profile of AR binding events in prostate cancer
cells. To begin examining the transcriptional network of AR in
prostate cancer cells, we used chromatin immunoprecipitation
coupled to massively parallel sequencing (ChIP-seq) to map the in
vivo binding sites of AR in the androgen-dependent prostate can-
cer cell line LNCaP. We identified 18,117 and 75,296 AR binding
sites (ARBS) before and after DHT treatment, respectively (see
Table S1 in the supplemental material). We validated the AR
ChIP-seq data set by ChIP-qPCR and observed a good correlation
(r � 0.75) between ChIP-seq peak intensities and ChIP-qPCR (see
Fig. S1 in the supplemental material). A comparison of AR bind-
ing before and after DHT treatment revealed a significant overlap
in ARBS between the two conditions (Fig. 1A). Moreover, DHT
stimulation increased the overall intensity of AR binding (as mea-
sured by ChIP-seq tag density) by �2.8-fold (Fig. 1B and C).

Using the de novo motif discovery algorithm MEME, we iden-
tified a canonical ARE motif that was significantly enriched (E
value � 4.9E�282) in the ARBS from LNCaP cells treated with
DHT (Fig. 1D). Recently, noncanonical AREs comprising differ-
ent orientations of hexameric half sites with various spacer lengths
were reported as in vivo AR recognition sites (67). We searched for
these AREs but could not find any of them overrepresented in our
LNCaP ARBS. Instead, we detected only the enrichment of the
canonical ARE (up to 3-bp mismatch) (see Fig. S2 in the supple-
mental material). Overall, approximately 41% of the ARBS con-
tain full AREs, whereas 19% harbor half AREs. Surprisingly, a

large fraction of the ARBS (40%) lacked either motif (Fig. 1E),
which suggests that AR may be recruited to these sites indirectly
via other transcription factors. In the ARBS that contain AREs, the
ARE was localized at the center of the ChIP-seq peak compared to
randomly selected genomic sequences (see Fig. S3A in the supple-
mental material). Sequence conservation analysis of ARBS across
different species showed that sequences near AR peaks tend to be
more evolutionarily conserved than flanking sequences (Fig. 1F)
and largely independent of the AR peak intensity (see Fig. S3B in
the supplemental material). To assess whether the ARBS identified
from our ChIP-seq experiment are functional, we subcloned 30
ARBS into a luciferase reporter containing a TATA box and trans-
fected these constructs into LNCaP cells. We found that most
constructs were activated by DHT and showed at least a 2-fold
ligand response, including binding sites that lacked AREs (Fig.
1G). Mutating the AREs in the ARBS led to a significant decrease
in androgen-dependent activity (Fig. 1G), indicating that these
ARBS contain functional ARE motifs.

Next, we examined the location of AR binding relative to the
TSS of Refseq genes. Unlike RNA Pol II, which bound distinctly at
the TSS (see Fig. S3C in the supplemental material), we found that
AR resided mainly at distal regions of known genes (Fig. 1H),
suggesting that AR may regulate transcription by chromatin loop-
ing. To obtain a global view of gene transcription by AR, we asso-
ciated ARBS with DHT-regulated genes from our microarray
analysis of LNCaP cells treated with DHT at early (3 h), interme-
diate (6 and 12 h), and late (24 h) time points (Fig. 1I). In general,
our results indicated that ARBS are associated with early and in-
termediate upregulated genes as well as intermediate and late
downregulated genes. Interestingly, similar to estrogen receptor
binding (11), we observed many more ARBS (�70,000) than the
number of androgen-regulated genes (5,718). It is unclear why
this is the case, but it is possible that many of these sites are non-
functional under our experimental conditions or that multiple
ARBS are involved in gene regulation through complex chromatin
interactions. Taken together, our results suggest that DHT stimu-
lates the binding of AR across the genome to directly regulate
androgen target genes in prostate cancer cells.

NKX3-1 is colocalized with AR near androgen-regulated
genes in prostate cancer cells. Recent genomic studies showed
that transcription factors such as FoxA1, Oct1, and Ets1 are im-
portant collaborative factors of AR transcriptional activity (15, 48,
67). These factors were identified based on the enrichment of their
cognate DNA binding sequence within ARBS. To discover novel
coregulators of AR, we analyzed our AR ChIP-seq peaks using an
alternative approach called “center of distribution” (CentDist)
(76). Briefly, CentDist is an algorithm that ranks motifs of collab-
orative factors according to their imbalanced distribution within
the ChIP-seq peaks of a transcription factor. The concept of Cent-
Dist was developed based on our observations that collaborative
factors and thus their cognate DNA binding sequences not only
are enriched but also are frequently distributed near the center of
the transcription factor binding site. Using CentDist on our AR
ChIP-seq peaks, we observed high center-of-distribution scores
for the DNA binding motifs of previously reported collaborative
factors of AR, including Forkhead, ETS, Oct, and GATA (Fig. 2A).
Interestingly, in addition to motifs of known AR collaborative
factors, we also found highly ranked sequences belonging to the
NKX family of transcription factors.

The NKX family belongs to the homeodomain class of tran-
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FIG 1 Genomic characterization of ARBS in prostate cancer cells. (A) Venn diagram depicting the overlap between ethanol (EtOH)- and DHT-treated AR
ChIP-seq peaks. (B) Comparison between average tag densities of binding sites found within the EtOH- and DHT-treated AR binding maps after accounting for
sequence depth difference. (C) Scatter plot of tag intensity of ARBS between the DHT- and EtOH-treated data sets after accounting for sequence depth
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scription factors (58). There are 12 members in the human NKX
family (58). Among them, NKX3-1, which is expressed in LNCaP
cells, has been well documented to be important in prostate biol-
ogy (2). NKX3-1 expression is largely prostate specific and is up-
regulated by androgen stimulation (8, 32, 53, 56). NKX3-1 is im-
portant in the development and differentiation of the prostate
epithelium (7, 8, 32). It is also important in prostate cancer; how-
ever, its exact role is still unclear. For example, NKX3-1 has been
implicated as a tumor suppressor, as its allelic locus maps to a hot
spot on human chromosome 8p21 which undergoes loss of
heterozygosity (1, 5, 32, 63, 64), but recent studies showed that it is
highly expressed in advanced prostate cancer (16, 30). Further-
more, when we examined the Oncomine microarray database, we
found that the level of NKX3-1 expression in prostate tumors is
higher than that in normal prostate tissues (Fig. 2B; see Fig. S4 in
the supplemental material). These observations suggest that per-
haps NKX3-1 may actually function as an oncogene rather than a
tumor suppressor in prostate cancer. With our finding that NKX
motifs are enriched in ARBS, we hypothesized that NKX3-1 may
collaborate with AR to regulate the expression of genes important
in prostate cancer progression.

To begin examining this possibility, we first determined
whether NKX3-1 functions together with AR to directly regulate
the transcription of androgen-dependent genes in prostate cancer
cells. For this, we mapped the binding sites of NKX3-1 in LNCaP
cells using ChIP-seq under the same conditions as AR. We iden-
tified a total of 6,359 NKX3-1 binding sites in the presence of DHT
(but none in vehicle) (see Table S1 in the supplemental material),
of which 92% colocalized with AR (Fig. 2C). We validated the
colocalized binding of NKX3-1 at ARBS by ChIP-qPCR before
and after DHT stimulation. Our results showed that all the bind-
ing sites tested were enriched �5-fold compared to a control site
(see Fig. S5 in the supplemental material). To examine the effect
of DHT on global NKX3-1 binding at ARBS, we compared the
average ChIP-seq tag density of NKX3-1 before and after DHT
stimulation. As shown in Fig. 2D, DHT significantly enhanced
the overall binding of NKX3-1 to chromatin.

Next, we examined the genes and biological processes that are
associated with both NKX3-1 and AR in prostate cancer cells. In
general, we noticed NKX3-1 binding sites are frequently colocal-
ized together with AR near well-characterized model androgen-
regulated genes, including TMPRSS2, FKBP5, and prostate-
specific antigen (PSA) (Fig. 2D; see Fig. S6A and B in the
supplemental material), suggesting that the expression of these
known direct targets of AR may also require NKX3-1. We also
performed GO analysis on androgen-regulated genes associated
with binding sites containing both factors. Our results showed

that NKX3-1- and AR-coassociated genes were overrepresented in
categories similar to those for AR-associated genes, such as “met-
abolic processes” and “cell cycle” (Fig. 2E; see Fig. S7 in the sup-
plemental material). However, NKX3-1- and AR-coassociated
genes were preferentially enriched for categories related to “pro-
tein trafficking” (Fig. 2E, inset). In addition, we carried out mo-
lecular concept map (MCM) analysis to determine whether
NKX3-1- and AR-coassociated genes have clinical significance in
prostate tumors. In this analysis, associated genes were compared
with predefined clinical prostate cancer gene sets in the Oncomine
database. Overall, NKX3-1- and AR-coassociated genes shared
concepts similar to but distinct from those for AR-associated
genes (Fig. 2F; see Fig. S8 in the supplemental material). Notably,
NKX3-1- and AR-coassociated genes were predominantly overex-
pressed in prostate carcinoma compared to normal counterparts
(Fig. 2F). Moreover, these genes were, in particular, implicated in
advanced and recurrent prostate cancer, thus further strengthen-
ing the biological significance of NKX3-1 in AR-dependent gene
regulation and prostate cancer progression. Taken together, our
results suggest that NKX3-1 is a potential novel collaborating
transcription factor of AR that is important in mediating
androgen-dependent gene transcription in prostate cancer cells.

A feed-forward regulatory loop between AR and NKX3-1 in
prostate cancer cells. NKX3-1 is a known androgen-regulated
gene in prostate cancer cells and has been shown in clinical studies
to be overexpressed in prostate cancer patients (32, 39, 53); how-
ever, the mechanism underlying this regulation or deregulation is
currently unclear. With our genome-wide binding maps of AR, we
asked whether NKX3-1 could be a direct target of AR. We scanned
for ARBS near the NKX3-1 gene and observed the ligand-
dependent recruitment of AR at �2 and �39 kb from the TSS of
NKX3-1 (Fig. 3A and B). To determine if the expression of
NKX3-1 is dependent on AR, we performed siRNA-mediated
knockdown of AR in LNCaP cells and measured the expression
level of NKX3-1. Our results showed that depleting AR levels re-
duced both the transcript (Fig. 3C; see Fig. S10A in the supple-
mental material) and protein (Fig. 3D; see Fig. S10B in the sup-
plemental material) levels of NKX3-1. Taken together, our results
suggest that NKX3-1 is likely a direct transcriptional target of AR
in prostate cancer cells.

Since our results indicate that AR maybe regulating the expres-
sion of NKX3-1 directly, we considered the possibility that these
two factors could be involved in an autoregulatory network in
which NKX3-1 may also directly regulate the transcription of AR.
As shown in Fig. 3E and F, NKX3-1 is recruited in a ligand-
dependent manner at an intragenic region 79 kb downstream
from the TSS of the AR gene. Moreover, when we depleted the

difference. (D) Logos of canonical ARE from the Transfac database (top panel) and enriched within our top 500 ARBS (�50 bp from the DHT library peak) using
MEME (bottom panel). (E) Pie chart illustrating the proportions of ARBS containing a full (a maximum of 3 mutations), half (0 mutation), or no ARE. (F)
Graphical representation of the mean PhastCons sequence conservation score (alignment of 16 vertebrate genomes with human) for every position in a 2,000-bp
window around the ChIP-seq peak of the DHT-treated AR library or around a randomly selected genomic region. (G) Putative ARBS were subcloned into the
pGL4-TATA vector, transfected into androgen-deprived LNCaP cells, treated with EtOH or 100 nM DHT for 24 h, and then assayed for luciferase activity.
Randomly selected ARBS binding sites were also mutated at the full ARE. The data are the average relative light units (RLU) for each AR binding site from at least
3 independent experiments. (H) Proportions of ARBS at different genomic locations relative to nearest transcription units from the Refseq database. 5= proximal
refers to 0 to 10 kb upstream of the TSS, 5= distal refers to �10 kb upstream of the TSS; 3= proximal refers to 0 to 10 kb downstream of the gene end, and 3= distal
refers to �10 kb downstream of the gene end. (I) Expression profile of all genes across time course DHT treatment (3, 6, 12, and 24 h) relative to their matched
EtOH treatment. Induction and repression are represented by yellow and red, respectively. The graph represents 1,000-gene moving averages of the fraction of
genes with at least one ARBS within 50 kb of the TSS. Genes at each time point were sorted according to the fold change upon DHT stimulation relative to the
EtOH treatment. Blue, 3 h; orange, 6 h; green, 12 h; red, 24 h. ARBS association with nonregulated genes with a fold change of between 0.91 and 1.1 at the 12-h
treatment time point was used to determine the 99% t-statistics confidence interval for moving average fraction of genes with AR binding (yellow band).
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FIG 2 NKX3-1 is a novel collaborative factor of AR. (A) CentDist output of the top cooccurring transcription factor family motifs from DHT-stimulated AR ChIP-seq
peaks. (B) Box plot comparing the transcript levels of NKX3-1 in normal prostate and prostate adenocarcinoma samples from the Oncomine microarray database (study
by Wallace et al. in the database). The differential gene expression data are centered on the median of expression levels and plotted on a log2 scale. The P value was
calculated using a Welch two-sample t test. (C) Venn diagram illustrating the overlap between DHT-stimulated AR and NKX3-1 ChIP-seq peaks. (D) Distribution of
EtOH or DHT NKX3-1 ChIP-seq tags centered around AR (DHT) binding peaks. (E) GO analysis of androgen-dependent genes cooccupied by AR and NKX3-1 within
50 kb from the TSS using the Panther web tool. �, threshold was set at a P value of 0.01. Fold enrichment was calculated by dividing the observed number of genes by the
expected number of genes within the same GO pathway. A two-tailed Fisher exact test was performed for the fold enrichment difference in genes from the “protein
transport” pathway that are associated with AR only and those associated with both AR and NKX3-1. (F) Left panel, Oncomine concept map analysis illustrating the
enrichment network between androgen-dependent genes cooccupied by AR and NKX3-1 and gene signatures in different prostate carcinoma subtypes. Each node
represents one molecular concept, with the node size proportional to the number of genes within each gene set. Statistically significant overlap (P � 0.01) between genes
in two linked nodes is represented by an edge. Concepts were categorized into 5 major clusters as indicated by the different colors. Right panel, expression level of the top
50 overexpressed genes in prostate carcinoma samples from the study by Wallace et al. in the Oncomine database (indicated by an asterisk in the concept map).
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protein levels of NKX3-1 with siRNA, we observed a drastic de-
crease in both the AR transcript and protein levels (Fig. 3G and H;
see Fig. S10C and D in the supplemental material), as well as a
global change in the expression of androgen-regulated genes, sug-
gesting that NKX3-1 regulates AR transcriptional signaling, in
part by controlling the expression of AR (see Fig. S9 in the supple-

mental material). We also examined the binding and transcrip-
tional regulation between AR and NKX3-1 in the AR-positive
prostate cancer cell line VCaP and found that the autoregulatory
network between AR and NKX3-1 also occurs in these cells (see
Fig. S11 in the supplemental material). Interestingly, when we
looked at the binding of AR and NKX3-1 in LNCaP and VCaP cells

FIG 3 AR and NKX3-1 directly regulate each other in a feed-forward manner. AR, NKX3-1, and RNA Pol II colocalize at enhancer and promoter regions of the
NKX3-1 gene. (A) Screenshots of AR, NKX3-1, and RNA Pol II ChIP-seq peaks surrounding the NKX3-1 gene. (B) ChIP-qPCR validation of AR and NKX3-1
at the enhancer and promoter of the NKX3-1 gene. DNA enrichment is represented as percentage of input chromatin immunoprecipitated. Data represent the
means � standard errors of the means (SEM) from at least three independent experiments. (C and D) Effect of AR silencing on NKX3-1 expression level.
Hormone-depleted LNCaP cells were transfected with either control siRNA or siRNA targeting AR before treatment with EtOH or 10 nM DHT for 8 h. (C) Total
RNA was isolated and amplified with real-time RT-qPCR primers for AR and NKX3-1. mRNA expression levels were normalized against GAPDH
(glyceraldehyde-3-phosphate dehydrogenase). (D) Western blot assaying the protein levels of AR, NKX3-1, and �-tubulin after siRNA transfection. AR and
NKX3-1 colocalize binding within the AR gene body. (E) Screenshots of AR and NKX3-1 ChIP-seq peaks around the AR gene. (F) ChIP-qPCR validation of AR
and NKX3-1 ChIP-seq peaks within the intragenic region of AR. DNA enrichment is presented as the percentage of input chromatin immunoprecipitated. Data
show the mean � SEM from at least three independent experiments. (G and H) Effect of NKX3-1 depletion on AR expression level. Androgen-deprived LNCaP
cells were transfected with either control siRNA or siRNA targeting NKX3-1 before treatment with EtOH or 10 nM DHT for 8 h. (G) Total RNA was isolated and
amplified with real-time RT-qPCR primers for AR, NKX3-1, and GAPDH. mRNA expression levels were normalized against GAPDH. (H) Western analysis of
AR, NKX3-1, and �-tubulin protein levels after siRNA knockdown.
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in closer detail, we found that these two factors are colocalized
together at both the AR and NKX3-1 genes (Fig. 3A, B, E, and F;
see Fig. S11A and C in the supplemental material). Taken to-
gether, our results reveal a highly integrated transcriptional net-
work between AR and NKX3-1 in which these factors collaborate
together to directly regulate not only downstream targets but also
the expression of each other.

NKX3-1 converges at ARBS with FoxA1 to form functional
androgen-regulated enhancers across the prostate cancer ge-
nome. To understand how NKX3-1 collaborates with AR, we
decided to search for additional players that might work in conjunc-
tion with NKX3-1 in mediating androgen-dependent transcription.
To do this, we performed CentDist analysis on the NKX3-1 ChIP-seq
peaks to screen for motifs with good center-of-distribution scores
around NKX3-1. As expected, NKX motifs were highly ranked, and
since the majority of NKX3-1 binding sites are colocalized with AR
binding events, we also observed a good center-of-distribution score
for ARE motifs (Fig. 4A). Surprisingly, the highest-ranked center-of-
distribution score belonged to Forkhead motifs. Similar results were
also obtained when we examined the NKX3-1 ChIP-seq peaks using
de novo motif algorithms, including MEME and Amadeus (44) (see
Fig. S12 in the supplemental material). Taken together, our results
suggest that NKX3-1 may function together with members of the
Forkhead family in regulating the transcriptional activity of AR.

Recently, FoxA1, a member of the Forkhead family, was re-
ported as an AR pioneer factor (26, 67). Moreover, FoxA1 was
proposed to determine the lineage-specific recruitment of AR in
prostate cancer cells (46). However, whether NKX3-1 functions
together with FoxA1 in regulating AR-dependent transcription in
prostate cancer cells has not been examined. Therefore, to address
the potential interplay among these factors, we performed ChIP-
seq analysis of FoxA1 in LNCaP cells before and after DHT stim-
ulation and integrated these results with the ChIP-seq maps of AR
and NKX3-1. We identified a total of 79,975 and 61,273 FoxA1
binding sites prior to and after DHT stimulation, respectively (see
Table S1 and Fig. S13 in the supplemental material). When we
examined FoxA1 localization with respect to AR and NKX3-1, we
found that the majority of NKX3-1 and AR overlapping binding
sites also have FoxA1 bound in close proximity (Fig. 4B; see Fig.
S14 in the supplemental material). In agreement with previous
studies, our ChIP-seq results also showed that FoxA1 binding to
chromatin in general is independent of DHT stimulation (Fig. 4B;
see Fig. S13 in the supplemental material). Moreover, we found
that FoxA1 was more enriched at genomic regions cooccupied by
AR and NKX3-1 than at unique AR or NKX3-1 binding sites (Fig.
4C). Taken together, our results suggest that NKX3-1 could po-
tentially function together with FoxA1 in AR-dependent tran-
scription.

Next, we examined whether NKX3-1 functions together with
FoxA1 and AR on chromatin. For this, we carried out sequential
ChIP re-ChIP assays by immunoprecipitating chromatin with an-
tibodies recognizing AR, FoxA1, or NKX3-1, followed by immu-
noprecipitating the eluant with a second antibody against one of
the remaining two proteins or IgG as a control. We then examined
DNA enrichment at the enhancer ARBS of PSA, which has colo-
calization of all three factors (Fig. 4D and E). As shown in Fig. 4F,
the PSA enhancer region was significantly enriched after DHT
treatment in all the ChIP re-ChIP combinations tested, suggesting
that NKX3-1 is bound at the enhancer of PSA at the same time
with AR and FoxA1 after androgen stimulation. We also obtained

similar results at three other genomic regions where ChIP-seq
showed the colocalization of all three transcription factors (see
Fig. S6C to E and S15 in the supplemental material). Taken to-
gether, our results suggest that NKX3-1 is recruited to ARBS with
FoxA1 to regulate androgen-dependent transcription.

Previous studies showed that AR and FoxA1 are physically as-
sociated in LNCaP cells (26, 67). Our results described above sug-
gest that NKX3-1 could also be another component of this protein
complex. To test this, we performed coimmunoprecipitation as-
says in LNCaP cells with NKX3-1, AR, and FoxA1. As reported
previously, we observed an androgen-independent association
between AR and FoxA1 (Fig. 4G, top panel). More importantly,
we found that NKX3-1 interacted with both AR (Fig. 4G, middle
panel) and FoxA1 (Fig. 4G, bottom panel) in an androgen-
dependent manner. Taken together, our results show that
NKX3-1 is physically associated with AR and FoxA1 as a ternary
complex and further suggest that NKX3-1 is an important collab-
orative factor in modulating the transcriptional activity of AR.

Our results thus far indicate an androgen signaling program
that consists of an autoregulatory loop between AR and NKX3-1
in which each factor affects the other’s transcript and protein lev-
els. Because of this, we could not use a traditional siRNA knock-
down strategy to examine the direct contributions of NKX3-1 in
AR-mediated transcription in LNCaP cells. As an alternative ap-
proach, we instead introduced exogenous NKX3-1 in various
combinations with AR and FoxA1 in the prostate cancer cell line
PC3 (which expresses no or low endogenous levels of these fac-
tors) together with a luciferase reporter containing an upstream
ARBS harboring motifs for all three factors. We decided to use the
luciferase reporter ARBS8 (Fig. 1G), since FoxA1 and NKX3-1
bind strongly to this region (see Fig. S6F in the supplemental ma-
terial) and it is highly androgen responsive. As shown in Fig. 5A
and B, AR alone was sufficient to enhance the transcriptional ac-
tivity of the ARBS8 luciferase reporter in a ligand-dependent man-
ner. The addition of either NKX3-1 or FoxA1 only slightly in-
creased the transcription activity of AR; however, when NKX3-1
was coexpressed with FoxA1, the transcriptional activity was in-
creased significantly. Besides overexpression studies, we also ex-
plored the contribution of NKX3-1 and FoxA1 in AR-dependent
transcription by mutating their cognate motifs in the ARBS8 lu-
ciferase construct and testing them in LNCaP cells and PC3 cells
cotransfected with NKX3-1, AR, and FoxA1. As shown in Fig. 5C
and D, mutating either the NKX3-1 or FoxA1 motif in the ARBS
resulted in a drop in AR-dependent transcription similar to that
after as mutating the ARE motif. Taken together, our results sug-
gest that NKX3-1 facilitates AR transcriptional activity by partner-
ing with FoxA1.

NKX3-1 collaborates with AR to regulate apoptosis of pros-
tate cancer cells. Numerous studies have shown that AR is re-
quired for promoting prostate cancer cell survival (10, 42, 72) and
proliferation (18, 22, 23, 70, 74). However, the role of NKX3-1 in
prostate cancer biology is less certain. Previous reports showed
that the NKX3-1 gene is a tumor suppressor gene in prostate can-
cer cells, but recent evidence suggests that it may also have onco-
genic properties. The results from our genome-wide and molecu-
lar studies support the latter and suggest NKX3-1 functions
together with AR to promote either cell proliferation or prostate
cancer cell survival. To examine the role of NKX3-1 in prostate
cancer, we depleted NKX3-1 in LNCaP cells with siRNA individ-
ually or in combination with either AR and/or FoxA1 and subse-
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quently stained the cells with propidium iodide for fluorescence-
activated cell sorting (FACS) analysis. We found that silencing of
NKX3-1 and/or AR had minimal effect on S-phase entry (see Fig.
S23 in the supplemental material). Interestingly, FoxA1 knock-
down also did not significantly affect LNCaP cells entering into S
phase. This result is in contrast to a recent report which showed
that silencing of FoxA1 increased cell proliferation by promoting
entry into S phase (65). The discrepancy between the studies could

be due to numerous reasons, including differences in experimen-
tal conditions.

Although no effect on S-phase entry was found, depleting
NKX3-1 alone was sufficient to cause an increase in the popula-
tion of sub-G1 cells (Fig. 5E; see Fig. S16A in the supplemental
material). Moreover, the depletion of all three factors resulted in
the greatest cell death. To determine whether the accumulation of
sub-G1 cells after siRNA knockdown of the three factors was due

FIG 4 Androgen stimulates the formation of a multitranscriptional complex consisting of NKX3-1, FoxA1, and AR. (A) CentDist result for the top cooccurring
transcription factor family motifs within DHT-stimulated NKX3-1 ChIP-seq peaks. (B) Heat map of AR (red), NKX3-1 (blue), and FoxA1 (green) ChIP-seq tag
intensity sorted according to NKX3-1 (DHT) tag intensity (top to bottom, highest to lowest) and centered on AR (DHT) peaks in a 2-kb window. Numbers 1 to
4 indicate groups of common or unique NKX3-1 binding sites identified: 1, AR/NKX3-1/FoxA1; 2, AR/NKX3-1; 3, NKX3-1/FoxA1; 4, NKX3-1 only. (C)
Proportion of FoxA1 binding sites cobound by AR and/or NKX3-1 upon DHT stimulation. (D) Screenshots of AR, NKX3-1, FoxA1, and RNA Pol II ChIP-seq
peaks around the PSA gene. (E) ChIP-qPCR of AR, NKX3-1, and FoxA1 occupancy at the PSA enhancer and promoter regions. The data represent the means �
SEM from at least 3 independent assays. (F) Reciprocal sequential ChIP re-ChIP was performed for AR, FoxA1, NKX3-1, or IgG. Fold enrichment represents the
relative abundance of the PSA enhancer region compared to a randomly selected genomic control site. The data show the means � SEM from at least 3
independent assays. (G) Androgen-deprived LNCaP cells were treated with EtOH or 100 nM DHT for 24 h prior to immunoprecipitation of whole-cell lysates
with the indicated antibody or IgG, followed by Western blot (WB) analysis with the indicated antibody.
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FIG 5 NKX3-1 is required for AR-dependent transcription and prostate cancer cell survival. (A) Schematic diagram of reporter constructs generated and used
in transient-transfection assays. (B) Wild-type (WT) ARBS reporter plasmid was cotransfected with expression constructs for AR, FoxA1, and/or NKX3-1 into
androgen-deprived PC3 cells. Cells were treated with EtOH or 100 nM DHT for 24 h and assessed for luciferase activity. (C) Mutations were generated at either
the ARE, FKH, or NKX motifs in the ARBS construct as shown in panel A. The mutant reporter constructs were transfected and assayed for luciferase activity as
described for panel B. (D) Wild-type and mutant ARBS constructs as shown in panel A were transfected into androgen-deprived LNCaP cells. The cells were
treated with EtOH or 100 nM DHT for 24 h and assessed for luciferase activity. The data presented in panels B to D are mean RLU � SEM from triplicates. (E)
AR, FoxA1, and NKX3-1 were silenced with siRNA in various combinations in LNCaP cells under EtOH or 100 nM DHT treatment for 72 h. Cells were stained
with propidium iodide and analyzed using flow cytometry. The analysis is presented as the percentage of cell apoptosis based on the percentage of the total
number of gated cells in the sub-G1 phase. Data are presented as the means � SEM from triplicate experiments. Statistical analysis was performed for differences
between EtOH and DHT conditions using Student’s t test (��, P � 0.05). (F) LNCaP cells were depleted of AR, NKX3-1, or FoxA1 in various combinations as
described for panel E and assayed for caspase-3 activity. Harvested cell pellets were fixed and immunostained with FITC-conjugated antibody recognizing the
active form of caspase-3. The flow cytometry analysis is represented as relative caspase-3 activity based on the percentage of the total number of gated cells with
active caspase-3 upon transfection of target-specific siRNA compared to control siRNA. Data are presented as the means � SEM from triplicate experiments.
Statistical analysis was performed for the differences between EtOH and DHT conditions using Student’s t test (��, P � 0.05).

Tan et al.

408 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


to apoptosis, we measured the level of caspase-3 activity via flow
cytometry. Our results showed that knockdown of NKX3-1, AR,
and FoxA1 resulted in caspase-3 activities that were very similar to
the FACS result, suggesting that cell death caused by the loss of the
three factors was mainly a result of apoptosis (Fig. 5F; see Fig. S16B
in the supplemental material). Interestingly, we observed that
DHT generally caused a decrease in cell death (Fig. 5E and F),
which may indicate that androgen signaling has a potential role in
promoting cell survival through transcriptional regulation. The
effect of NKX3-1, AR, and FoxA1 on prostate cancer survival was
also similar in VCaP cells (see Fig. S17 in the supplemental mate-
rial). Taken together, our results suggest that NKX3-1 is a prosur-
vival factor that functions together with AR and FoxA1 to suppress
the apoptotic pathway in prostate cancer cells.

NKX3-1 upregulates RAB3B to promote prostate cancer cell
survival. To define the NKX3-1 and AR regulatory network in
further detail and identify the pathway in which NKX3-1 is linked
to prostate cancer cell survival, we decided to examine the direct
downstream target genes that are associated with both factors. As
our GO analysis on NKX3-1- and AR-coassociated genes (Fig. 2E)
already indicated, they are significantly more enriched in catego-
ries for “protein trafficking” (i.e., protein transport and intracel-
lular protein transport), a process that is necessary in the integra-
tion of oncogenic signaling pathways. Interestingly, when we
looked into this group of genes further, we found that a large
number of RAB genes were associated with NKX3-1 and AR. RAB
genes belong to the Ras oncogene superfamily and encode small
monomeric GTPase molecules frequently reported to mediate in-
tracellular vesicle trafficking and organelle-targeted membrane
fusion (29, 45, 69). Furthermore, emerging studies also suggest
that RAB genes are important players in cancer, including the
proliferation, survival, and aggressiveness in breast cancer inva-
sion as well as the metastasis of breast tumor cells (14, 35, 66).
Thus, it is possible that the prosurvival properties of NKX3-1 that
we observed in our studies could be explained by NKX3-1 driving
the AR transcription network to directly control the expression of
RAB genes.

To determine the regulation and function of RAB genes in
prostate cancer, we began by examining the expression of RAB
genes in LNCaP cells before and after androgen stimulation
from our time course microarray analysis. Our results showed
that DHT differentially regulated the expression of all the RAB
genes in the “protein trafficking” category (Fig. 6A). Next, we
checked the expression of these genes in clinical studies and
found that they are also differentially expressed in prostate
tumors compared to the normal counterparts (Fig. 6B and C;
see Fig. S18 in the supplemental material). One gene that par-
ticularly drew our attention was the RAB3B gene, which we
noticed was highly responsive and upregulated in LNCaP cells
(Fig. 6A) and in comparison to other RAB genes was consis-
tently overexpressed in multiple prostate cancer studies (Fig.
6B; see Fig. S18 in the supplemental material). In addition,
overexpression of the RAB3B gene was restricted to prostate
cancer, which is similar to what has been observed for NKX3-1
(Fig. 6C and data not shown). Finally, the expression profile of
RAB3B also correlated with NKX3-1 and AR in at least two
clinical studies, suggesting that the regulation of RAB3B tran-
script level in prostate tumors is likely dependent on AR and
NKX3-1 (Fig. 6B).

Next, we investigated whether NKX3-1 and AR are indeed di-

rectly linked to the Ras oncogenic pathway via RAB3B. For this we
functionally characterized the NKX3-1 and AR binding site that is
associated with the RAB3B gene. As shown in Fig. 6D, NKX3-1,
AR, and FoxA1 are colocalized at an intronic region 42 kb down-
stream from the TSS of the gene. We validated the binding of the
three factors at this site by ChIP-qPCR (Fig. 6E) and showed they
all converge together as one complex after DHT stimulation (Fig.
6F). We also cloned the ARBS of RAB3B upstream of a luciferase
reporter and tested it for enhancer activity in PC3 cells cotrans-
fected with NKX3-1, AR, and FoxA1. As shown in Fig. 6G,
NKX3-1 was able to stimulate AR-dependent transcription, and
this was further enhanced in the presence of FoxA1. We also mu-
tated the NKX3-1, AR, and FoxA1 motifs within the RAB3B ARBS
and examined them in LNCaP (Fig. 6H) and PC3 (Fig. 6I) cells.
Androgen robustly stimulated luciferase activity of the reporter
construct harboring the wild-type RAB3B but not the mutant
constructs. We also examined the expression of RAB3B after de-
pleting NKX3-1 and AR. Although this result alone will not ad-
dress whether these factors directly regulate RAB3B, we should
still see an effect on this gene if it is regulated by these factors.
Indeed, silencing of NKX3-1 and AR (and FoxA1) reduced the
androgenic upregulation of both the transcript and protein levels
of RAB3B (see Fig. S19 in the supplemental material). Similar to
our observations in LNCaP cells, we also noticed the downregu-
lation of the RAB3B transcript level upon AR or NKX3-1 silencing
in VCaP cells (see Fig. S20 in the supplemental material). How-
ever, even though FoxA1 is colocalized with AR and NKX3-1 at
the RAB3B enhancer region in VCaP cells, depletion of FoxA1 had
only minimal effects on RAB3B expression, which may be due to
transcriptional redundancy among the Forkhead family mem-
bers. Taken together, our findings suggest that NKX3-1 together
with AR and FoxA1 directly regulates RAB3B transcription in
LNCaP cells.

Our findings thus far support that prostate cancer cell survival
is linked to androgen signaling via the transcriptional regulation
of RAB3B by NKX3-1, AR, and FoxA1. To test whether RAB3B is
indeed involved in prostate cell survival, we performed FACS
analysis and caspase-3 assays on LNCaP cells treated with and
without RAB3B siRNA. Our results showed that RAB3B depletion
led to an increase in the population of sub-G1 cells as well as
caspase-3 activity under androgen-deprived and serum condi-
tions, suggesting that RAB3B is required for maintaining cell sur-
vival by suppressing the apoptosis pathway (Fig. 6J and K; see Fig.
S21 in the supplemental material). Similar to the case with
NKX3-1, AR, and FoxA1 (Fig. 5E and F), cell death was signifi-
cantly decreased after DHT stimulation. Furthermore, the effect
of RAB3B on cell survival was also observed in VCaP cells (see Fig.
S22 in the supplemental material). Taken together, our combined
genomic and functional analyses on androgen signaling in pros-
tate cancer cells has established the essential cooperation between
NKX3-1, AR, and FoxA1 in directly regulating genes involved in
promoting and maintaining prostate cancer cell survival.

DISCUSSION

In the present study, we have used ChIP-seq to interrogate the
global residency of AR in prostate cancer cells. Overall, we identi-
fied a large number of AR binding events (75,296) across the ge-
nome of LNCaP cells upon 2 h of DHT stimulation (Fig. 1A to C).
Recently, Yu et al. also generated ARBS maps in the same cell line,
but in contrast to our study, they reported 37,193 ARBS after 16 h
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of treatment with R1881 (73). When we compared the two maps,
we found that approximately 73% of their ARBS overlapped with
our data set (data not shown). Large discrepancies in the number
of binding sites between genome-wide studies are not uncommon
and could be due to numerous parameters, including differences
in the concentration and length of androgen stimulation, as well as
sequencing depth and peak calling programs used to define bind-
ing sites. Despite the difference in the number of binding sites,
both studies in general suggest that AR is recruited to a large num-
ber of regions in the prostate cancer genome upon androgen stim-
ulation.

Besides using high-throughput technology to determine the
number of ARBS in the prostate cancer genome, several groups
have tried to refine the sequence of the ARE motif (9, 48, 67).
Wang et al. described the presence of alternative AREs, including
full AREs with variable spacer lengths (67). However, from our
data set we found evidence of only the strong enrichment of a
palindromic ARE even when a 3-bp deviation was allowed from
the consensus (see Fig. S2A in the supplemental material). The
differences between these studies could be due to the small num-
ber of ARBS that were identified in the study by Wang et al. Thus,
our global analysis of ARBS suggests that the palindromic full ARE
with up to 3-bp mismatches from the consensus sequence is the
most frequently occurring AR motif in the ARBS of prostate can-
cer cells.

The intricate relationship between normal cell development
and carcinogenesis has long been under scrutiny (51). As they are
master regulators of embryogenesis, the deregulation of homeo-
box genes has profound effects on the cellular phenotype and may
lead to tissue neoplasia (55, 57). This is consistent with the obser-
vation that a number of solid tumors have aberrant expression of
homeobox genes, which could encode transcription factors that
have oncogenic or tumor-suppressing properties (55, 57).
NKX3-1, which is the first known marker for prostate epithelial
differentiation (7, 40), is one of the few homeodomain proteins
associated with PCa and that functions during prostate epithelial
regeneration in stem cells (68). Although NKX3-1 has long been
postulated to be a prostate-specific tumor suppressor, recent stud-
ies suggest that it may also support prostate cancer cell survival.
Here, using genome-wide, molecular, and cell-based approaches,
we identified NKX3-1 as a novel regulator of androgen signaling
that is necessary in the formation of active enhancers and the

regulation of AR target genes involved in prostate cancer survival.
During the course of this study, He et al. reported the enrichment
of NKX3-1 motifs at ARBS using dimethylated H3K4-marked
nucleosomal ChIP-seq information (31) and showed NKX3-1
binding at several genomic regions. From the global analysis of AR
and NKX3-1 binding, our work showed that NKX3-1 is found
almost exclusively at ARBS upon androgen stimulation (Fig. 2C
and 4B). We also found that more than 90% of the NKX3-1 bind-
ing sites that contain AR are also colocalized with FoxA1 in close
proximity, suggesting dynamic interplay between these three fac-
tors in prostate cancer (Fig. 4C; see also Fig. S14 in the supplemen-
tal material). We demonstrated that NKX3-1 is a positive regula-
tor of AR transcriptional activity (Fig. 5B to D) and showed that
NKX3-1 works synergistically with FoxA1 to modulate AR-
mediated transcription of the RAB3B GTPase gene, which is es-
sential in prostate cancer cell survival (Fig. 6; see Fig. S19 to S22 in
the supplemental material). Overall, our study implicates NKX3-1
as novel collaborative factor of AR and a prosurvival factor in
prostate cancer.

The NKX3-1 gene is a well-known androgen-regulated
gene, and from our ChIP-seq profile of AR this is likely through
the direct binding of AR to two regions located at �2 and �39
kb downstream of the TSS of the gene (Fig. 3A and B). How-
ever, the regulation of AR by NKX3-1 is less clear. For example,
NKX3-1 has been reported not only to activate but also to
repress the expression of AR (41, 52). From our ChIP-seq anal-
ysis of NKX3-1, we observed enhanced binding of NKX3-1 to
an intronic region of AR (Fig. 3E and F). Moreover, in knock-
down experiments using two independent siRNAs, we showed
that NKX3-1 is required for upregulating the expression of AR
in LNCaP cells (Fig. 3E to H; see Fig. S10C and D in the sup-
plemental material). The inconsistent results for AR regulation
by NKX3-1 could be due to differences in experimental condi-
tions or to different cellular contexts. Despite these differences,
our work has provided for the first time a direct physical link
between NKX3-1 and AR, and it will be of interest in future
studies to understand this feed-forward loop in greater detail.

NKX3-1 has long been proposed to be a tumor suppressor in
PCa. Besides NKX3-1 residing on an allelic hot spot which
frequently undergoes loss of heterozygosity in the majority of
prostate tumors (1, 5, 32, 63, 64), stable knockdown of NKX3-1
has also been shown to promote LNCaP cell viability and pro-

FIG 6 NKX3-1 promotes prostate cancer cell survival by collaborating with AR and FoxA1 to regulate RAB3B gene expression. (A) Expression profile of
NKX3-1- and AR-associated RAB GTPase genes that are androgen regulated, from our microarray analysis of LNCaP cells. Induction and repression are
represented by yellow and red, respectively. All RAB genes are cobound by AR, NKX3-1, and FoxA1, unless otherwise stated. (B) Left panel, transcript
levels of RAB GTPase genes across multiple Oncomine studies. Red and green represent over- and underexpression in prostate adenocarcinoma versus
normal samples, respectively. NA denotes lack of expression data for the respective gene in the annotated study. � and ��, P � 0.1 and P � 0.05,
respectively. Right panel, box plot comparing the transcript levels of RAB3B in normal prostate and tumor samples from the study by Wallace et al. in the
Oncomine database. The differential gene expression data are centered on the median of expression levels and expressed on a log2 scale. The P value was
calculated using a Welch two-sample t test. (C) Box plot illustrating RAB3B transcript levels across different cancer types from the study by Bittner et al.
in the Oncomine microarray database. The differential gene expression data are centered on the median of expression levels and expressed on a log2 scale.
Parentheses depict the number of samples within each category. (D) Screenshots of AR, NKX3-1, FoxA1, and RNA Pol II ChIP-seq peaks around the
RAB3B gene. (E) ChIP-qPCR of AR, NKX3-1, and FoxA1 occupancy at the RAB3B enhancer region. The data represent means � SEM from at least 3
independent assays. (F) Reciprocal re-ChIP at the RAB3B enhancer was performed as described for Fig. 4F. (G) Transient-transfection analysis was
performed as described for Fig. 5B with a reporter plasmid containing the wild-type RAB3B ARBS. (H) The half ARE, FKH, and NKX motifs in the ARBS
construct from panel G were mutated and used in transient-cotransfection analysis on LNCaP cells as described for Fig. 5D. (I) Wild-type and mutant
ARBS constructs from panel H were cotransfected with expression constructs for AR, FoxA1, and NKX3-1 into androgen-deprived PC3 cells as described
for Fig. 5D. Data shown in panels G to I are mean RLU � SEM for triplicates. (J) Two different siRNA duplexes were designed to specifically and
independently target the RAB3B gene in LNCaP cells. Knockdown efficiency was assessed by Western blotting. (K) PI staining (left panel) and caspase-3
activity (right panel) as described for Fig. 5E and F on LNCaP cells after RAB3B knockdown. For both assays, data are represented as means � SEM from
triplicate experiments. Statistical analysis was performed for the differences between EtOH and DHT conditions using Student’s t test (��, P � 0.05).
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liferation, metastasis of PCa cells to the lymph node, and mu-
rine tumor growth (47, 75). Furthermore, Bhatia-Gaur et al.
showed that NKX3-1 mutant mice were more prone to pros-
tatic intraepithelial neoplasia (PIN) lesion formation, which is
the precursor of PCa initiation (7). Nonetheless, recent emerg-
ing evidence, including our work, suggests that the role of
NKX3-1 in PCa is still debatable. In contrast to the classical
tumor suppressors, NKX3-1 is not regulated in a genetic man-
ner whereby the remaining 8p monoallele is hardly lost and
mutation of its coding region is not observed (6). Instead,
downregulation of the NKX3-1 protein level may be attributed
to selective CpG island methylation and protein degradation
(3). NKX3-1 is haploinsufficient, and manifestation of prostate
tumorigenesis requires the presence of other oncogenic altera-
tions (27, 50). From this study, we showed that NKX3-1 di-
rectly regulates AR-dependent genes which are overexpressed
in prostate carcinoma, deregulated in advanced PCa, and en-
riched in recurrent PCa, which indicates that NKX3-1 has a
pivotal role in prostate tumorigenicity (Fig. 2F). We also found
that NKX3-1 likely regulates genes that are active in promoting
cell survival or preventing cell apoptosis (Fig. 2 and 6).

RAB GTPases have recently been implicated in signal trans-
duction pathways and intrinsic cellular processes, including cell
growth, proliferation, differentiation, survival, and the cell cycle
(14). For instance, amplification of the Rab25 gene promotes pro-
liferation, survival, and aggressiveness in breast and ovarian cells
(14), while overexpression of Rab27 secretory proteins is associ-
ated with invasion and metastasis of breast cancer cells and poor
clinical prognosis (35, 66). From our work, we found that the
RAB3B gene, which is coregulated by NKX3-1 and AR, is consis-
tently enriched in prostate carcinoma from multiple studies, sug-
gesting that it may be functionally important in PCa (Fig. 6B; see
Fig. S18 in the supplemental material). Indeed, depletion of
RAB3B resulted in significant cell death (Fig. 6K; see Fig. S21 and
S22 in the supplemental material). Hence, our work shows that
RAB3B is a critical component of the PCa cell survival pathway.
Interestingly, we also found that NKX3-1 and AR are associated
with several other members of the RAB GTPase family (Fig. 6A
and B). Whether these RAB GTPases are also important in PCa
cell survival will be examined in future studies.

The complex dynamics of transcriptional interplay between
two or more transcription factors are intriguing but not yet
well understood. From our current work, we report an intimate
hierarchical transcriptional interplay between AR, NKX3-1,
and FoxA1 within “enhanceosomes.” We further showed that
NKX3-1, AR, and FoxA1 promote PCa cell viability in a con-
certed manner, and we propose NKX3-1 to be an essential fac-
tor in prostate cancer carcinogenesis which prevents cell apop-
tosis either by direct modulation of gene targets or by indirect
regulation of AR expression (Fig. 7). Interestingly, our work
also revealed that FoxA1 may have dual, opposing actions in
prostate cancer. While our work suggests that FoxA1 promotes
PCa progression, a recent report by Wang et al. showed that
loss of FoxA1 facilitates S-phase entry and that low FoxA1 ex-
pression is associated with a poor prognosis (65). How FoxA1
can have opposing roles in prostate cancer is unclear, but it is
likely that the level of FoxA1 expression is critical in determin-
ing which pathway FoxA1 takes. Finally, our work has also
delineated a novel functional role for RAB3B GTPase in PCa.
Taking our results together, we propose that the convergence at

RAB3B may mediate cross talk between AR signaling and other
predominant survival signaling pathways and should therefore
be considered for PCa therapeutics.
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